We have succeeded for the first time anywhere in lowering the friction coefficient of a diamond-like-carbon (DLC) coating to less than 0.01 under boundary lubrication in engine oil [1] [2] [3] . This anomalous super-lubrication behavior has been observed for a hydrogen-free DLC-coated (ta-C) disc in an estercontaining oil but not for a hydrogenated DLC (a-C:H) coating. It is thought that some chemical adsorbent may form only on the ta-C sliding surface due to some tribochemical reactions. Our recent studies have suggested that the macro-scale reduction of friction is dependent on nanometer-scale tribological properties [4] [5] [6] . The superlow friction behavior seen in a pin-on-disc friction test was taken as the object of this investigation with an eye toward elucidating the mechanism of the anomalous friction reduction. Pin-on-disc tests were conducted by sliding a ta-C/ta-C pair in the presence of poly alpha-olefin based oil containing a modifier additive of glycerol monooleate ester (PAOES1 oil). Nanometer-scale tribological properties were investigated by using atomic force microscopy (AFM), the AFM phase-image technique, and nanoscratch measurements. Attention was focused on the differences in surface roughness, nanostructure and nanofriction coefficient between the sliding and non-sliding areas in an effort to find the origin of the super-lubrication behavior. Figure 1 shows typical AFM topographic images of the sliding and the non-sliding areas of the DLC-coated disc at different scanning sizes. In a wide-view range of 50 µm x 50 µm as shown in Figs. 1a and 1b , numerous surface flaws and rough particles were observed not only in the non-sliding area but also in the sliding area; no significant difference in surface roughness was seen. This revealed that less wear occurred in the sliding test. On the other hand, in a narrow-view range of 300 nm x 300 nm as shown in Figs. 1c and 1d , regions without rough particles and surface flaws were found. The sliding area still exhibited no significant difference in surface roughness as compared with the non-sliding area. These observations indicated that surface roughness was not a factor contributing to the friction reduction. 
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Since the surface roughness of the nanoscratched areas was exceptional low and did not show any significant difference between the sliding and non-sliding areas, nanoscratch measurements were used to obtain nanofriction coefficients for estimating the friction state of the material surface without being influenced by surface roughness. Figure 2 shows the nano-scale friction coefficient distributions relative to scratch depth for the sliding area compared with the non-sliding area under three conditions. The first one was a non-cleaned surface after the sliding test, the second one was a cleaned surface with super sonic cleaning in hexane solvent and the third one was a rewetted surface with PAOES1 oil after hexane cleaning. The nanofriction behavior was found to be independent of the nanoscratch measurement environments. The nanofriction coefficients of the sliding area were always lower than those of the non-sliding area and a marked reduction was observed near the surface at a depth of less than 5 nm. These nanoscratch measurements suggested that an ultrathin tribofilm with low friction properties formed on the sliding surface of the ta-C disc during the pin-on-disk test. Figure 3 shows AFM height and phase images of the sliding and non-sliding areas. The phase images did not reveal any distinct features on the non-sliding surface, but an island structure with a size of 15-20 nm and a height of 0.1-0.2 nm formed on the sliding surface. These results suggest that thin chemical adsorbent islands with low shear strength formed on the sliding surface of the ta-C disc lubricated with PAOES1, resulting in the superlow friction phenomena in the sliding test of the ta-C disc lubricated with PAOES1.
In conclusion, the origin of the superlow friction behavior observed in the sliding test of the hydrogen-free DLC-coated disc lubricated with the PAOES1 ester-containing oil was elucidated on the basis of the nanometer-scale differences in surface roughness, nanostructure and nanofriction coefficient between the sliding and non-sliding areas. It was found that surface roughness was not a factor contributing to the friction reduction. An ultrathin tribofilm with a low nanofriction coefficient formed during the sliding test. This tribofilm possessed a nanoscale island structure, in which numerous ultrathin chemical adsorbent islands with a size of 15-20 nm and a height of 0.1-0.2 nm adhered to the sliding surface. These ultrathin islands acted as a type of solid lubricant to lower the boundary friction coefficient to the superlow level. 
